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PROBLEMS OF EVALUATION OF DIFFERENTTAL ANGULAR CORRELATION /17
MEASUREMENTS WITH A FOUR-DETECTOR APPARATUS AND
INVESTIGATIONS WITH Yb-172

H.F .Wagner

ABSTRACT. Formulas for differential angular correlation
measurements are derived and discussed. The formulas are
applied to the problem of a four—detector apparatus, using

a digital computer program. The fully transistorized auto-
matic control of the apparatus is described in detail, with
discussion oﬁldifferential measurements of the 203 - 1095 Kev
cascade of Yb'’?, As result, Az(0) = ~0.065 + 0.021; A.(0) =
= 40,003 + 0.025 are given, with Ty = (8.34 + 0.20) ns for
the 1171, Kev level.

I. INTRODUCTION

One of the most important methods for obtaining information on the data of
excited nuclear levels consists in an investigation of gamma-gamma angular cor—
relations. For this, two experimental methods are available: the integral and
the differential coincidence measuring technique.

Of these two procedures, the differential method permits a time resolution
of the angular correlation and thus furnishes a possibility of measuring the
differential attenuation factors Ay . Their accurate determination is of great
theoretical interest since, on their basis and with the aid of the theory of
perturbed gamma-gamma angular correlations, it becomes possible to obtain state—
ments on fields existing at the nuclear site and, in favorable cases, to calcu-
late the moments of excited nuclear levels.

For an accurate measurement of these parameters Ay, our study group con-
structed an apparatus, working with four detectors and four coincidence cir—
cuits. This arrangement, compared to setups with two detectors, reduces the
statistical error of the test data by a factor of 2.

The present paper gives a description of the various parts of this four—-
detector apparatus and discusses the processing of the resultant data. Other
parts of the instrument are described in the thesis by K.Krien (Ref.l1l2).

The discussion of the data processing is subdivided into two parts: In the
first part, all formulas describing the time course of differentially measured
angular correlation coefficients are systematically derived and discussed. This
is done in Section 2 of this paper. In the second part, the computer programs

* Numbers in the margin indicate pagination in the foregin text.
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required for data processing are described, with main emphasis on an expansion
and matching program based on the formulas introduced in the first part. This
will be discussed in Section L.

In Section 5, a differential angular correlation measurement with the four-
detector instrument on the 203 - 1095 Kev cascade of ytterbium-172 will be re- /2
ported, whose interpretation is based on the introduced formulas and the de-
scribed computer program.

IT. INTRODUCTION OF THE MOST IMPORTANT EQUATIONS FOR /3
DIFFERENTTAL COINCIDENCE MEASUREMENTS

1. Perturbed and Unperturbed Gamms-Gamms Angular Correlations
and their Measuring Techniques

By the concept of gamma~gamma angular correlation we mean the following
phenomenon: If a nucleus gives off its excitation energy under emission of two
successive gammm quenta, the two emission directions will be correlated under
certain sssmptions. This means that the angle ¢ between the two emission di-

rections can occur only with a probability W(#)

which depends on the spin of the participating

levels and on the miltipolarities of the two gamma
1, transitions. One generally differentiates between

unperturbed and perturbed angular correlations, of
N which each requires a different measuring method,

edther the integral or the differential coincidence
1 technique.

L Unperturbed angular correlations are observed
in nuclei which, in the intermediate state, do not
| interact with external fields. In this case, the
| magnetic sublevels of the intermediate state are
Fig.l Schems of a Gamm: degenerate and the nucleus retains its spatial
Cascade. orientation. In that case, the theory (Ref.l)
- shows that W(#) can be expressed by an expansion in
Legerndre polynomials of the following form:

4L

‘-‘.

W(J) = 4 *Ezn" 'PK(cosA”. md K.."z Mim (?.L,'IZL; '2 I)

A perturbation of the angular correlation apparemtly occurs whenever fields ex-
ist at the nuclear site with which the nuclear moments are able to interact. /4
This will cancel the degeneration of the intermediate level and the nucleus be-
comes able to change its orientation by transitions between the sublevels. The

degree of the resultant perturbation will be dependent on duration, intensity,
and nature of the interaction.

These three parameters, at perturbed angular correlation, must be contained



in the expression for the probability distribution of the angle ¥, If T de-
notes the duration of the interaction and if the parameter s expresses its type
and intensity, then W(#) must change over into W(#, T, s). For this expression,
it is generally no longer possible to derive a simple expansion in Legendre
polynomials.

Application of the integral measuring method in the presence of perturba-
tions is useful only if these perturbations are so small that, in good approx-
imation, W(#) can be written for W(#, 7, s). This will be possible at weak in-
teractions and short lifetimes. At strong interactions and long lifetimes, this
approximation is no longer permissible so that the method of differential coin-
cidence technique must be used, which permits a meagsurement of the angular cor-
relation as a function of the interaction time T. Here, T is determined by the
delay time interval existing between the two gamma quanta because of the finite
lifetime of the intermediate level.,

Such a differential measurement is of great interest for the theory of per-
turbed angular correlations. The method permits statements as to the perturba-
tion fields at the nuclear site and as to properties of the nuclei in excited
states, including magnetic moments and quadrupole moments. In addition, inte~
grally measured angular correlations can be corrected for perturbations after a
differential measurement. This is of decisive importance since an exact spin
determination, on the basis of an integral measurement, is possible only after
a correction for perturbation.

2. Differential Measuring Method

The principle of any experimental determination of angular correlations
consists in measuring the coincidence counting rates between two detectors, at
different angles. Here, the difference between the integral and differential /5
methods is the following: In the integral method, the coincidences are summed
up over all delays T. The coincidence counting rate is measured only under dif-
ferent angles. Conversely, in the differential technique, the coincidence
counting rate is additionally observed as a function of the delay time T between
the two gamma quanta.

For this coincidence counting rate N(#, T), an explicit expression is ob-
tained from the following considerations: Because of the law of radioactive de-
cay, the delay times are distributed in accordance with a function g(t) =
=)\ ¢ exp (-AT), where A denotes the decay constant of the intermediate level.
Since the coincidence arrangement has a finite time resolution At, the delay
time T cannot be defined exactly and only the interval from T to T + AT is
covered. The probability of recording a coincidence in this interval, at an
angle #, is given by the expression g%r) o AT ¢ W(®, T, s)e If No allows for
the detection probability and the activity, then the following expression is ob-~
tained for the number of coincidences at an angle ¥ and the delay time T between
the gamma quanta:

N3 T1=N,-A-@ AT

‘WWT<)-aT
To permit as accurate as possible a measurement of N(#, T), the requirement that
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AT < 1/A must be made on the time resolution of the coincidence stage. Obvious-—
ly, an accurate determination of the time differences is no longer possible for
the case AT ® 1/A, and the differential method passes over into the integral
method.

Ever since the development of multichannel analyzers, a simple method for
measuring N(J, T) has been the use of time-pulse height converters. Such a con-
verter represents a coincidence stage in which the height of the output pulse
is proportional to the time spacing of the input signals. The individual oper-
ating principles of such converters have been discussed by M.Forker (Ref.2).

In the following Section we will discuss the slope of the function N(&, T)
when using the four—detector instrument described in Chapter ITI,

After briefly outlining the measuring principle, the time resolution prop-
erties of the apparatus are discussed since, as will be demonstrated, these
properties enter N(#, T) in a determinantal manner. This discussion leads to
the concept of the "prompt curve! which is characteristic for the time resolu-
tion of the coincidence arrangement used. The influence of this prompt curve on
the differentially measured coincidence counting rate will be discussed next.
The result of this study yields an explicit expression for N(J, T), mathemati-
cally consisting in a convolution integral whose kernel is formed by the prompt
curve mirrored at the zero point.

3., Time Course of the Coincidence Counting Rate N(2&, T)

a) Fast~Slow Principle

The four—detector instrument for differential measurement of gamma-gamma
angular corrections operates on the fast-slow principle which had been described
repeatedly in great detail (Ref.2, 4, 5). Here, the fast coincidence circuit is
used for measuring the counting rate N(ﬁ, T) and is built up as follows: Two
NaI(Ta) scintillation crystals, with attached multipliers, serve as detectors
that feed their signals, across pulse-shaping stages, to a coincidence loop.

The latter is based on the converter principle, taken from a suggestion by P.C.
Simms (Ref.6). The output signals of the converter are analyzed as to their
pulse heights by means of a multichannel analyzer.

b) Prompt Curve

For determining the time resolution properties of this coincidence arrange-
ment, let us define the permissible difference between two delays T, and Tz at
which two still separable pulse heights at the converter output can be observed.
These two delays are experimentally realized by means of the 511-Kev positron
annihilation radiation, in which the time difference of the two gamma quanta is

exactly zero. The delays T, and Tz can then be accurately adjusted by means /7
of cables.

On the basis of its operating principle of converting delay time intervals
between the input signals into pulse heights, the converter should furnish two
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different pulse heights in this experiment. However, an analysis with the
multichannel analyzer, instead of the expected two §-functions, yields two pulse
height distributions which are mutually displaced in position within the chan-
nel., The course of the distributions is egual and exhibits a Gaussian distribu-
tion curve which, on both flanks, passes over into an e-function. The two delay
times Ty and Tz are coordinated with the maxima of the two distributions. The
remaining delay times t, which additionally occur in the distribution, are
mainly produced by the two detectors. Experiments have shown (Ref.2) that the
detectors superpose statistically constant delays to the given time intervals,
which are of the order of magnitude of one nanosecond (Ref.3). In addition, it
can be demonstrated that one edge each of the distribution is formed by the
properties of one detector (Ref.2).

As demonstrated by the form of this pulse height distribution, known also
as prompt curve, the time interval between T, and Tz can be shorter the more
narrow the distribution and the steeper its edges. For this reason, the half-
width of the prompt curve is used in this coincidence arrangement for defining
the time resolution.

Mathematically, the prompt curve should be described by a function V(t, T,)
which, in the argument, contains the given delay T; as well as the remaining de-
lay times t occurring in the distribution. As shown by experiment, T; deter-
mines only the position of the prompt curve but not its general slope. For this
reason, V(t, T;) will be represented in a coordinate system in which the posi-
tion of the prompt curve is independent of the parameter T; and in which the
maximum is located at the origin. Such a system is obtained when selecting the
connectivity T =t ~ Ty for t and T;. Then, the expression V(T) = V(t - 7;) is
obtained for the prompt curve.

c¢) Influence of the Prompt Curve on N(&, T) /8

Determination of the coincidence counting rate N(J, T), in the coincidence
arrangement described here, proceeds as follows: All coincidences that produce
the same pulse height I at the converter output are added. This pulse height,
on the basis of the prompt curve, can be produced by any delay between the
gamma quanta. In this case, the probability of causing a pulse height I is dif-
ferent for each individual delay.

For a quantitative determination of these probabilities, an arbitrary de-
lay T) between the quanta will be considered. This delay produces a prompt
curve of the form V(t - Ty) and, during disintegration of the nucleus, occurs
with the probability A e exp(-ATy)  W(?, 74, s%rif coincidences at an angle ¢
are observed. Then, Tj; will appear at the converter output and the pulse height
I, produced by T; will appear with the probability A ¢ exp(-ATy) * W(d, Ty, s) o
o V(Ty = t). Any other delay t # T, between the quanta also produces a prompt
curve in which T; and thus also I; are present with the probability V(ty - t).
This means that, in observations of coincidences at an angle ¥, any delay t be-
tween the quanta will produce the pulse height I; with the probability A -

o exp(-At) » W(d, t, s) o V(Ty = t). The total probability for the occurrence
of Iy is then given by the sum of the individual probabilities for each t:



P, = frem(a) 0,0 v@; 0. et

where the integration starts with zero since, for times t shorter than zero, the
expression loses all physical meaning., If Np is to allow for the detection
probability of the quanta and the activity, then the coincidence counting rate,
for each delay T; between the gamma quanta, is given by N(3, T4) = No « P(3, Ty).
Since the prompt curve in these considerations enters all expressions as proba-
bility, it is necessary to norm its area to 1. For this reason, N(¥, T,) must
be divided by the norming integral.

+ S0 oe

I -]V(T,-t) at -[E(t-l’,) at
- o

so that, as the final expreesion, we obtain

BUT) = (8 /1) -[exp(-At) W, ¢,5) E(e-Tp) at (1)
[o]

with NoA < No. Because of T = t -~ Ty and V(~T) = €¢(T) with ¢(t - 7y ) the prompt
curve mirrored at the point T = O was entered. , .

To calculate the slope of the function N(#, T,), explicit expressions must
be derived for ¢(T) and W(¥, t, s), which will be done in the following Sections.

L. Analytical Representation of the Prompt Curve

One of the first arguments for an analytic representation of V(T) was de-
rived by Hrynkievicz (Ref.7) and by Matthias et al. (Ref.8) who assumed a simple
rectangular distribution for the function V(T). Because of the very rough ap-
proximation, this assumption furnished only qualitative statements. Another
argument (Ref.9) used a Gaussian distribution V(T) = exp(-m(T/2T)) where Ty
gives the resolution time of the coincidence circuit (Ref.2). This argument
again does not sufficiently consider the slope of the prompt curve in so far as
the curve does have the form of a Gaussian curve in the neighborhood of the
maximum but distinctly changes into a pure e~function along the flanks.

Since each flank is determined by the properties of one detector (Ref.2),
the two decay constants A; and Az need not be equal, so that the prompt curve
may have an entirely asymmetric slope. In that case, the half-width will also
be asymmetrically distributed over the two halves of the curve, which makes it
logical to introduce a 1/e width 0, for the right-hand side and of a 1/e width
Oz for the left-hand side. For this reason, any argument for facilitating the /10
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mathematical representation of the prompt curve should contain the parameters

A1, Az, 01, 02 for fitting to the measured prompt curve. According to a sug-

testion by C.Gunther (Ref.10), we subdivided the prompt curve into four segments

(Fig.2): starting at the left, an e~function with the decay constant Az, fol-
lowed by a Gaussian curve with the 1/e width o
up to the maximum, changing after the maximum
into another Gaussian curve with o; as 1l/e
width, and then returning again to an e~function
which has A; as decay constant.

The mathematical argument then will read

as follows:
. (R.e™T e T T,
e heéT<O
1 VIT) = ¢ o 0¢T<T,
B.e M Tszﬁ Oo
Pig.2 Slope of the Prompt v

Curve.

| o

Here, V(0) was arbitrarily normed to 1. The stipulation that the four subseg-
ments should adjoin in a continuously differentiable manner results in two con-—
ditions for Ti1 and A as well as for Tz and B at the contact points Ty and Tz,
from which four equations are obtained which yield the following final expres-
sion for the prompt curve:

/1

e),(T* %24y -00 & Tg- GTL"‘
e G -8 g 10
V(T) = 4 "oy £ Te G
] 0 ¢Te™y
1
E-A'{T E%) Z%"_c £ T o0

Since thus also €(T), as a function reflected at the origin, is known the fol-

lowing expression is obtained for the norming integral I = Le(T)dt:




)111 4 -

=i e T e b D1c 42 ]

where the terms ¢(x) represent abbreviations for the Gaussian probability inte-
gral.

5. Analytical Expression for the Probability W(d, t, s)

The explicit expression for W(d, t, s) depends on the type of the perturb-
ing interaction which may be dependent or independent of time.

A typical example for a time—independent perturbation is furnished by the
spin rotation method. In this method, the angular correlation is influenced by
a static magnetic field which is perpendicular to the plane of the detectors.
In this case, the theory furnishes the following expression for W(#, t, s):

L
Wit s)= 4*“2{ R Rleas-wt)) k  =MinRI0)2L,)

One speaks of time-dependent perturbations whenever the fields change their di-
rection at the nuclear site over intervals that are small with respect to 1/A.

For example, this case exists in liquids when 1/A = 107° sec, since the time /12
for a change in direction of the perturbation fields has a magnitude of 107 4o
10°'® sec. A theoretical study by A.ibragam and Re.VePound (Ref.19) demonstrated
that these perturbations cannot be averaged out but may actually lead to a

strong attenuation of the angular correlation. Abragam and Pound, in deriving

an expression for W(#, t, s), used the method of the time~dependent perturba-

tion theory and obtained

Wbt s)= A ;Z‘, Ay (Ty) R Ceosd) K, =Ninfa12L,2;)
32~ K

man

with Ac(Ty) = A (0) exp(XuTy).

This leads to an expansion in Legendre polynomials, as it is possible also
in the unperturbed case. In the perturbed case, the correlation coefficients
are now time-variant and tend to zero with T4, which leads to an attenuation of
the angular distribution. For this reason, the parameters Ay are known as at-
tenuation factors. These depend on the type of perturbation present, i.e.,
whether electric or magnetic interactions are involved, and permit - in favor-
able cases - a calculation of the magnetic moment or of the quadrupole moment of
nuclei in excited states (Ref.10, 13).

In the subsequent calculations, the expression by Abragam and Pound is used
for W(?#, t, s), since the four—detector instrument described in Chapter III was

8




built for an accurate measurement of the attenuation factors Ay. On substi-
tuting this expression into eq.(l) of p.6, we obtain

" |

(o -]
N, T 30 Fee 6™ (v TR0 Bteos ) dt
oo o0
N ) At Ne = (MAy)t
= {eu 76 + ;(; Aol o[eu-t,s-e d,)gumn

= QT ¢+ KZ Q, (Tq)- Pye(cos ) 1

(AT
N__‘—u = 4 + an(rﬂ"PK(boh’)
K

Qo (T))

On the basis of these formulas it is possible to calculate the coefficients [33
Ac(Ty) and thus also the angular correlation as a function of the delay time T,

of the gamma quanta, provided that the coincidence counting rate N(&, Ty) is
measured on three different angles. The procedure for calculating these coef-
ficients from the coincidence counting rates had been described at various oc-
casions (Ref.12).

In the following Sections, the time course of the individual coefficients
will be discussed in more detail.

6. Course of the Coefficient ao(Ty)

The time variance of the coefficient ag(T;) is given by the following equa-
tion:

Sem-e gt
Qo(zﬁz No'e"w‘.H(l',) , H(TJ)='I‘.’°.

[EmM dT

As this equation shows, measuring the course of ao(T;) offers a possibility for
determining the decay constant A. However, for this it 1s necessary to know
the function H(T,). This is represented by a convolution or faltung integral
which cannot be given in a closed form.

Nevertheless, the following consideration shows that despite this difficulty
it is possible to determine A: For 7, < O, only the right-hand side of the
function €(T) is integrated in H(7,), whereas the left-hand side is included in-
to the integration only at increasing delay. The newly added contributions of

9



€§T) tend to zero for large Ty, so that /1L
H(1;) changes into a constant value H. This
means that, for sufficiently large delays T;,
the coefficients ao(TJ) decrease to a pure
~e~function whose decay constant is given

only by A. The delay T, from which A can
be determined in this manner, can be defined
by an approximate calculation of the func-
tion H(T;). Such a calculation was made on
an IBM 7090 computer. It was found that, as
expected, the magnitude of the delay 7 de-
pends on the slope of the prompt curve. In
addition to the prompt curve, the decay con-—
stant A also enters the value of the con-
stant H, which is plotted in Fig.4. For cal~
culgting the function given in this diagram,
the prompt curve of Fig.3 was used. Further-
more, Fig.3 shows that the curve ao(Ty) and

[ the gimple e~function are displaced parallel
to each other. The width of this stagger is
Fig.3 ©Slope of the Functions determined by the constant H.

ao(Ty) and H(Ty).
For a possible fitting of the function
aol(Ts ) to the test data, this shift is of
importance since the compensation must be done in such a manner that the calcu-~
lated and measured values will coincide for large delays.

If the slope of the prompt curve is known, the function ao(Ty) can be [15
calculated in first approximation; it is then possible to make a fitting for de~
termining A that considers also the times Ty < T¢+. This is of importance be-
cause of the fact that these additionally used test points have a smaller sta-
tistical error. In such a fitting, the unknown value AT of the time zero Ty =0

i
i
L

| \\ -- e

B '-!-ILH'E‘ {nsec)

Fig., Course of H. Fige5 A as a Function of At,
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enters the value of A, In Fig.5, the percentual deviation of the decay con-
stant from its real value is plotted against AT, in which all test data were
fitted,

In addition, the value of A is further changed if, for calculating ao(Ty),
a wrong prompt curve is used. In this case, the influence of the parameters \i
and 03 is greater than that of Az and 03, The reason for this phenomenon is as
follows: In the calculation of ao(Ty), the right~hand side of the prompt curve
gives the influence of the delays t < T; while the left-hand side allows for
the delays t > T;. Since the latter occurs less frequently in a nuclear disin-
tegration than the times t < T;, the influence of the right-hand side of the

prompt curve on the values ao(Ts;) and thus also on A must be greater than that
of the left-hand side. .

7. Course of the Coefficients Ay (Ty)

After determining A, it becomes possible to use the slope of the coef-
ficient Ax(Ty) for calculating the magnitude of the attenuation factors A, and
of the angular correlation coefficients Ay (0). For this, the equation

i

K( 3) - ] I”‘o,e J . ,‘_Iz/

e e dr

-t’

is used. Here again, the slope of the angular correlation coefficients, for de-
lays Ty > Ty, passes over into a simple e~function. Furthermore, an accurate
definition of the prompt curve is not necessary in the case of minor attenua-
tions since, in first approximation, this curve is canceled out from the quo~
tient. Furthermore, in the case of weak attenuations, the e-function can be /16
expanded leading to the following expression:

N -~  JeaTtpett. dt
HK(T1)=RK(0)-e)"t mit: T2 !

Qo
Jee-ty e dt
[+

These equations indicate that, after introduction of a t axis, the parameters
A, (0) and A are easy to determine graphically. Since the T axis differs from
the T axis, the value A, (0) is located at t = O rather than at Ty = 0. As will
be described in more detail, determination of the time zero point Ty = 0 en-
counters difficulties in the measured curves. For the curve fitting, an accur-
ate knowledge of this point is of importance; it was found that this point was

11




correctly selected only if the fitting furnishes a value A (0) for the instant
t = 0.

The physical meaning of the times T will be explained below.

8. Mean Delay Time

The existence of a prompt curve has the conseduence that gamma quanta whose
delay t differs from T, may contribute to the number of coincidences N(&#, T;).
The contribution probability for each t was given by A * V(Ty = t) exp(-At) s
e« W@, t, s), Thus, the delay which, in measuring N(¥, T;), had existed on the
average between the quanta, is defined by the following expression:

- /t-é(t-t)e"‘(uin @€ D (cos & )ol ¢
t (&) = = : L . )

7 2t At
Jet-Te (14 R0 €% Bccor D)dt
0

where t(#) denotes the mean delay time. Since the product A, (0) ¢ exp(-A t) o
o Pc(cos ¥) is small with respect to 1, this delay time can be represented also
by the simplified expression /17

- zf(e-t)e’“it
t (&) = :

£ (:-tj)é“dt

0\80

If this simplification were not possible, then a calculation of the coefficients
Ag(Ty) from the three counting rates N(d;, 74), (i =1, 2, 3) would be erroneous
since, at each counting rate, a different delay had existed on the average be-
tween the gamma quanta. Thus, events would be combined that timewise do not be-
long_together. Therefore, to define accurately in how far the approximation ¥
for t(z‘}§ is permissible, the function t(?) was calculated in first approxima-
tion. For the coefficients A, (0), a value of 1 was assumed and, for A\ /A, a
value of O.4. As shown by a calculation at the angles 90°, 135°, and 180°, the
maximum deviation of the function T from t(#) is 0.12%. Thus, the approxima—
tion is entirely permissible.

9. Integral Attenuation Factor

By means of the differential attenuation factors Ay, integrally measured
angular correlation coefficients can be corrected for attenuation. This is done
by the integral attenuation factors Gy whose correlation with the Ay can be de-
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fined by the following considerations: In integral measurements, the time reso-
lution Tr is large in comparison with the lifetime of the intermediate level,

so that all delays t < Tz furnish a coincidence signal with equal probability.
The prompt curve then changes into a rectangular distribution of constant height
A and of length Tgz. In this case, the following expression is obtained for the
coincidence counting rate:

N (& Tyl s N [He »t (1+ g.n 0)€" 'd'P (tos«?))o(t
]

I
’]+ZP(O)G 'P(cosﬁ) ‘

with the integral attemuation factors Ge = A/(X + Ay).

ITI. DESCRIPTION OF AN INSTRUMENT FOR DIFFERENTIAL MEASUREMENTS /18
OF ANGULAR CORRELATIONS

1. Purpose and Applicability of the Instrument

In this Chapter, an instrument constructed for differential measurement of
angular correlations will be described. The conventional arrangement (Ref.z2,
14) of two detectors was modified to one with four detectors, which permits a
more accurate measurement of the parameters A, Ay, and A,(0).

This equipment, because of the above modification, permits a quadruple
simultaneous measurement of one and the same angular correlation, thus furnish-
ing four values for each parameter with which a weighted mean value can be de~
termined. This reduces the statistical error of the results by a factor of 2
in comparison with the conventional arrangement.

These more accurate results are of special interest for the attenuation
factors, since the theory by Abragam and Pound permits statements - from the
ratio A1/A; - as to the type of the perturbing interaction and, in favorable
cases, even permits calculation of the moments of excited nuclear levels.

We had originally intended to use the instrument for measuring the attenua-
tion parameters ), at nuclear levels whose lifetimes are within the domain of a
few nanoseconds. This places strict requirements on the time-resolution proper-
ties. First, the half-width of the prompt curve must not be more than a few
nanoseconds and, secondly, the flanks must be as steep as possible meaning that
the half-value width of their descents must be close to 1 nsec.

2. Detectors
As mentioned before, the slope of the prompt curve is determined almost ex-
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clusively by the detectors which, in our case, consisted of NaI(Tl) crystals

with attached multipliers. In these detectors, the following factors are of
importance for the time resolution: response probability for the incident gamma
energy, decay time of the excitation centers, amplification factor, and transit~
time fluctuations of the multipliers. The influence of these quantities and /19
of the activity on the slope of the prompt curve had been investigated in detail
and discussed by M.Forker (Ref.2).

To reach as great as possible a response probability for high-energy quanta,
3" x 3" NaI(Tl) crystals were used in two of the four detectors. The 1,-stage
multipliers were of the XP 1040 type manufactured by the Valvo Co., having an
amplification factor of 10° at 3 kv high voltage applied, and a transit time
fluctuation of 1 nsec (Ref.3). For recording low-energy quanta, 1.5" x 2" NaI(T1)
crystals were used in the other two detectors, to which the 14-stage multiglier
56 AVP was comnected. These multipliers had a current amplification of 10° at a
high voltage of 2 kv and a transit time fluctuation of 0.5 nsec (Ref.3).

The decay time of NaI(T1l) scintillators is close to 250 nsec. To obtain
detectors with shorter decay times, plastic scintillators can be used whose ex-—
citation centers decay with about 10 nsec. The drawback of these types is that
they have almost no energy resolution, since their photoelectric response proba-
bility is very low. The reason for this lies in the low ordinal number of the
plastic material, which permits a detection of gamma quanta only over the Comp~
ton effect.

Another possibility for obtaining detectors with rapid decay times is to
use Nal crystals without addition of thallium. In these, however, crystal cool-~
ing is necessary for obtaining a satisfactory light yield since the optimum light
yield is close to 80°K (Ref.15). At this temperature, the crystal has a decay
time of 45 nsec. This is by a factor of 5 less than in thallium-activated
crystals. Its energy resolution is also better, so that the thallium~free
crystals have better properties than the thallium~activated types. Their dis-
advantage lies in the necessary cooling which necessitates an extensive cooling
arrangement (Ref.16) while still requiring light conductors, a fact that might
cancel some of the good properties of Tl-free crystals. In the instrument de-
scribed here, we scheduled the use of Tl-free crystals instead of the 1.5" X
x 2" NaI(T1l) scintillators, for which reasor a cooling device was additionally /20
installed.

For testing the time resolution of the apparatus, coincidence measurements
were made with 511-Kev positron annihilation radiation. We used either a 1.5" X
x 2" or a 3" x 8" crystal. These furnished prompt curves whose slopes were
close to 350 pusec and whose half-widths were 1.8 nsec. Other time resolution
measurements were reported by K.Krien (Ref.13). In the following Sections, the
mechanical and the electronic arrangements of the instrumentation will be de-
scribed.

3. Mechanical Arrangement

To calculate the ratio A,/Ap, it is sufficient to determine the slope of
the coefficients Ax(Ty) and A4(TJS. For this, measuring the coincidence count~
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ing rate N(&, Ty ) at the three angles of 90°, 1350, and 180° is adequate. For

producing these three angles, the following arrangement was made: The detectors

with the small crystals 1 and 2 make an angle of 90° and are rigidly mounted to
a rotary table having a di-
ameter of 1010 mm. The two
detectors with the large

i crystals 3 and 4 are mounted

‘ to a sector W which is ro-

; tated about the source Q in
the table plane by means of
a Dunker motor. This motor
will be designated as "trac—
tion motor" in what follows.

Setting 1 Setting 2 Setting 3

The reason for the
rigid mounting of the two de-

3Iis
L1
s
3
LE11]

0 Source S tectors 1 and 2 is the de- /21
Carriage - .
A Swivel axis ; sire, when necessary, to make
(135%t0 detector 3) _ the small crystals exchange-
able for Tl-free NaI scintil-~
Fig.6 Detector Arrangement. lators. The cooling device,

required in that case, would
prevent any shift of the de-
tectors.

When the sector W goes through the three positions shown in Fig.6, the
three required angles 900, 135°, and 180° can be established between the de-
tector 3 rigidly connected to the sector and the detectors 1 resp. 2. If the
detector 4 were rigidly mounted to W, it would become impossible to form an
angle of 180° between this sector and the detector 1 or an angle of 90° with the
detector 2. This difficulty can be overcome by swinging the detector L over the
detector 3 when moving the sector from the setting 2 to 3. This swivel motion
is executed about the axis A, which together with the detector 3 includes an
angle of 22.5°.

For balancing the weight of the detector 4, a counterpoise displaceable by
means of a lever arm (not shown in Fig.6) is attached to the axis. Rotation of
this axis, which then is easy to do, takes place over a V-belt by means of a
second Dunker motor which will be designated below as "swivel motor". The axis
itself can be shifted in the plane of the table, to permit a collimation.

Mounting of the detectors 1 and 2 and of the source is done exactly as de-
scribed in earlier papers of our research group (Ref.l12, 17).

L. Electronics

The electronics of the instrument can be subdivided into five parts: eight
coincidence circuits, four peak stabilization circuits, fourteen counters, one
multichannel analyzer, and one automatic device for controlling the movements
and measuring course.
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a) Coincidence Circuits

The instrument requires eight coincidence circuits since, behind the de-
tectors 3 and 4, two single-channel discriminators are mounted which makes it
possible to select two powers. This permits simultaneous measurement of two /22
different angular correlations between the detectors 1 and 3 resp. 1 and 4. For
this, four coincidence circuits are required. Since, in addition, these two
angular correlations are measured also between the detectors 2 and 3 resp. 2 and
L, four additional coincidence circuits are again required. All eight coinci-
dence circuits operate on the fast~slow principle and have exactly the same ar-
rangement. This coincidence principle has been discussed at various occasions
(Ref.2, 4, 5).

C Converter
[. Limiter
Bl Blocking

D Discriminator can == o s

EF Enitter follower 4 - CVQ
S Single channel I from the

SC Slow coincidence L Eonverters

FC Fast coincidence : Mi : ;
P Peak stabilizer @ e [ '
W Wobble single channel ‘

Routing and} - i‘“ltii
, gate hannel}
'scE -} S S YTYI1Y] analysis

Fig.7 Block Diagram of a Coincidence Circuit.

Figure 7 gives the block diagram of one of the circuits. The electronics
used in the slow portion and consisting of amplifiers, single-channel discrimi-
nators, and coincidence stages, was purchased from the Cosmic Radiation Labora-

tories and has been described in detail in an earlier paper by our research
group (Ref.12).

As shown in Fig.7, the output signals of the slow coincidence circuits /23
are fed to a routing unit. This triggers the gate of the multichannel analyzer
for passing the converter pulse and, simultaneously, ensures that each pulse is
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stored in the correct subgroup or register. A paper on the accurate operating
mode and the design of this building block as well as on the necessary mixer
was published by K.Krien (Ref.13).

To make the eight slow coincidence circuits mutually completely inde-—
pendent, an additional coincidence output was built into the single-channel dis-
criminators of the detectors 3 and 4 (F.C. 1/LT for the detector 4 in Fig.7)
which, just as the already present outputs, has a variable delay time and a
variable resolving time. Such decoupling of the coincidence circuits was neces—
sary for rendering adjustment of the instrument simpler and more concise.

b) Multichannel Analyzer

Since eight different coincidence counting rates N(d, Ty) are to be
measured and since this is done successively on three angles, the multichannel
analyzer must have 24 subgroups. So as not to impair the resolving power by too
low a channel capacity of these subgroups, 128 channels were used for the size
of each subgroup. This required a multichamnel analyzer of at least 3072 memory
Ilocations. Since such an analyzer was not commercially available, we used a
multichannel device with 4096 storage locations. We have scheduled to measure
coincidence spectra in the remaining 1028 chamnels. This would be of great ad-
vantage in correcting for admixtures by other energies.

c) Counters

The output pulses of the eight slow coincidence circuits as well as the in—
dividual counting rates of the six single-channel discriminators are registered
in a counting unit. This is done to correct for accidental coincidences, ac—
tivity drop, and misalignment of the source. In addition, these counting rates
permit calculation of the integral angular correlation, so that the instrument
is capable of making differential as well as integral measurements. yrn

For recording the individual counting rates, one-megacycle counters are
used having a capacity of 10® pulses, while the eight counters for the coinci-
dence counting rates operate at 200 k¢ and have a capacity of 10° pulses. These
fourteen counters were purchased in one large unit from the Ransom Research Co.
This unit permits read-out of the counter contents into a typewriter and, if de-
sired, into a tally tape punch in the IBM code.

d) Peak Stabilization

The conventional method for peak stabilization (Ref.l7), consisting in a
re~adjustment of the high voltage at the multiplier, could not be used here.
Fluctuations in the high voltage produce variations in the transit time of the
electrons which may be undesirable when measuring time relations. For this
reason, a peak stabilizer was installed which controls the height of the energy
pulses without changing the high voltage. Essentially, this is obtained by
making one resistance variable at a voltage divider circuit in the emitter fol-~
lower EF (Fig.7). This resistance is formed by the internal impedance of an in-
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candescent lamp, which is dependent on the current. A more accurate description
of the peak stabilization has been given by E.Gerdau (Ref. 18).

e) Automatic Control

The fully transistorized automatic control unit has two functions; one is
to control the machine cycle and the other is to regulate the kinetics of the
detectors, which is complicated by the necessary swivel of the detector 4. Both
parts of the automatic unit will be described in more detail below.

o) Machine Cycle

The concept of "machine cycle" comprises the following processes: connect-
ing and discomnecting the counters and the multichannel analyzer at the begin—
ning and end of the measuring period; printing of the sector position and the /25
counter contents on typewriters and, if desired, on tape punches.

Timing device. The duration of the measuring time in one sector position
can be prescribed by means of a clock or timer. This timing device was purchased
from the Phllllps Co. and permits setting of 15 time intervals between 1 sec
and 4 X 10* sec or between 0.0l min and L X% 10% min. The accuracy of these in~
tervals is 0.01% and is determined by the tolerance of the 10-kc quartz crystal
oscillator which controls the clock.

After the set time has elapsed, the timer produces a pulse which is fed to
the connected automatic control unit and resets the clock to zero.

Disconnection of multichannel analyzer and Ransom counters. The signal
supplied to the automatic control is branched there and is fed to a trigger or
toggle (A6l in Fig.8) and to two flip-flops, designated in Fig.8 by tally-FF
resp. by MC-FF. These flip-flops, after being triggered by the clock signal,
change their output voltage. This causes interruption of the analyzing process
in the multichannel analyzer and closes a gate in the Ransom unit. This gate
simultaneously disconnects all fourteen counters. The alternating output volt-—
age of the tally flip~flop trips a mercury relay which connects the motor of the

tally tape punch.

Printine of the sector position. The setting at which the respective
measurement is taking place is printed on punch tape and typewriter before the

fourteen counting rates, in order to check whether -~ during a given measurement

- the sector settings were changed in the correct sequence. This printing is
triggered by the clock signal and is done across the toggle A6l - A73. In this
case, the toggle A6l is used for delaying the clock signal by 1 sec, for two /26
different reasons: On the one hand, the printing of the sector position is not

to be falsified by stray pulses of the cut~in tally motor and, on the other hand,
the punch-tape printer will operate correctly only when its motor has reached
full rpm. For this, approximately 1 sec is needed.

The signal, delayed by the A6l, triggers the toggle A7l which gives off two
pulses of 0.3 sec length of opposite polarity. The positive pulse t - t - 2 is fed -
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to the Ransom unit and there induces printing of the sector position. The nega-

tive signal t -~ 2 is delayed through the toggle A62 by 0.3 sec and then triggers
the toggle A72.

Timer
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Fig.8 Block Diagram of the Automatic Control Unit.
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This toggle or flip-flop furnishes the two output signals ¢+ ~ 1 and t - 1,

of which the positive signal in the Ransom unit has two functions: first, that /27
of actuating the tabulator of the typewriter, by which, after printing of the
sector position, a spacing to the subsequent counting rates is left. Secondly,

a sentinel is punched into the tape, required for later processing of the tape

in a computer. The negative signal t - 1 is delayed through the toggle A63 by
0.3 sec and then triggers the toggle A73.

The output pulses t and t of this flip-flop have a length of 2 sec; of

these, t instructs the Ransom unit to print all fourteen counter contents, while
t causes the sector to change its setting.

Change in sector setting. This change is produced by the traction motor
whose circuit is interrupted only when the sector has reached one of its various
positions. At this instant, a spring mounted to the sector throws a microswitch
mounted to the rotary table. This microswitch -~ each sector position has one

such switch - interrupts the current of the traction motor as long as the switch
remains depressed.

The exerted pressure can be canceled by an electromagnet whose circuit is
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short~circuited for the length of the pulse t (2 sec). For this, the pulse is
passed through the amplifier stage A8b and fed to a mercury relay which closes
the circuit of the magnet.

Connecting of the magnet current for 2 sec is sufficient since, during this
time, the sector together with the spring has moved so far away from the micro-
switch that a new throwing of the switch is prevented.

Starting of the timing device. While the sector is moving, both typewriter
and tape punch print the contents of all fourteen counters. As soon as, in the
obtained setting, the new microswitch is thrown, ground potential is supplied to
the stage A8a. This stage is a triple coincidence circuit whose three coinci-
dence conditions are furnished by the following processes: throwing of the new /28

microswitch, termination of printing of the
counter contents, and end of swiveling of the
microswitch . detector 4. If these three conditions are met,
1o o the output signal of A8a is delayed through the
toggle AbL by 3 sec, which triggers the toggle
ATl

This output signal has a duration of 0.2 sec
. i and has two functions: It resets the Ransom
Jf flip~flop and the MC flip~flop to zero so that
a new analysis and counting can be started; in
addition, it re-starts the clock.

When moving the sector from position 1 to

[ position 1 resp. from 3 to 3, it may happen that
the printing of the counter contents takes longer
Fig.9 Stage A2. than this motion. In that case, two coincidence

conditions will be present at the stage A8a, if

the Ransom unit furnishes the third condition
after end of the printing. However, this third condition also triggers the
tally flip-flop and thus disconnects the tally motor. Without the 3-sec delay
of the output signal through the A8a, the stray pulses of the tally motor would
coincide with the opening of the multichannel analyzer and of the counters.
This could lead to errors, which are avoided by the delay line A6k.

Selection of the Ransom unit; Stage A2. To represent the number of a sector
position electronically, the information furnished by throwing of the micro-
switch is used. This information is converted in the stage A into a binary
?umber5 realized at the output by the potential state of the two points a and b

Fig.9).

In this respect, the following data of the microswitch should be given:
The switch is a commutator with three external contacts, of which one is con-
nected to ground potential (see Fig.10). This potential is fed to one of the /29
other contacts, depending on whether the microswitch is depressed or not. The
contact which, in the depressed state, has ground potential is then connected to
the stage A2 which converts the information into the desired binary number. For
this purpose, a diode matrix able to convert numbers from 1 to 3 into the binary
system is installed at the input. The integrator following the matrix is re~
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quired for smoothing since the switch contacts of the microswitch are springy,
which superposes parasite oscillations to the output signal of the stage during
its rise.

The two transistor loops, following this, are overdriven amplifiers and
apply a voltage of O v or =12 v to the points a and b. The potential state of
these two points then expresses the number of the sector position 1n binary form,
in accordance with the following scheme:

Er. 8 b
1 12V ov

2 oV =12V
3 =12V =12V

These output voltages are fed to the stage A3 and to the routing unit.

Stage A3. Printing of the numbers 1 to 3 over the Ransom unit is realized
by applying a voltage of =12 v to the corresponding points in the output logic
over an OR gate. However, this can be done only at the instant at which the
number is to be printed, since otherwise malfunction of the counter contents
read-out might occur.

This is the reason for installation of the stage A3. This stage feeds the
information from A2 over the number of the sector setting to the OR gate at the
instant_at which the pulse t - 2 appears, since - simultaneous with this - the
pulse t - 2 is generated which triggers the printing. Electronically, A3 con-
sists of a diode coincidence circuit in which the pulse t -~ 2 furnishes one of
the coincidence conditions while -12 v of A2 gives the other condition.

Pulses in the Ransom unit. During the printing on punch tape, an odd /30
number of holes must be produced for each digit in the IBM code. This means
that an additional hole must be punched at the number 3. This is known as odd-
parity check and, when necessary, must be produced additionally by the signal
t - 2. For this reason, the signal is fed not only to the perforator-drive
logic and the typewriter logic but also to the odd-parity generator.

The pulse t - 1 reaches the tabulator logic and carriage-return logic over
an OR gate and the typewriter logic over another OR gate.

R) Routing Process

In general, a given measurement starts in the sector position 1. After
printing the number of this position on the typewriter and the tape punch, change-
over to the position 2 is made. When continuing to position 3, the detector 4
must be swiveled over the detector 3. After this slewing motion is terminated,
the swivel motor continues operating for one second to tighten the V-belt. This
is to ensure proper position of the detector 4. Its position, whether swiveled
or not, is electronically fixed by the two microswitches I and IT (see Fig.l0).
These switches are mounted to the disk which is engaged by the V-belt, and are
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thrown by a cam in accordance with the detector position.

In position 3, two measurements are made during which time the polarity of
the traction motor and of the swivel motor is reversed between the two measure~
ments. This double return to position 3 is necessary for obtaining an equal
mmber of measurements in all sector posi-
tions at the end of a given measurement.

On returning to position 2, the swivel
motion is reversed in which case the swivel
motor again runs for one second longer to
tighten the V~belt. Two measurements are
again made in position 1, with intermediate
pole reversal of the motors.

Micro-
"switch 1
‘Micro-
switch 2
Micro-
switch 3

Micro-
switch 1

The portion of the automatic unit, 31
controlling this routing process, operates
in accordance with the block diagram shown

in Fig.10 and will be described in more de-
tail velow.

Micro-
switch II

Position 1 to position 2: So long as
none of the microswitches 1 - 3 is thrown,

current will flow through the relay R5. This
relay is tripped and thus closes the circuit
of the traction motor so that the sector
Fig.10 Block Diagram of the will move., The relay is necessary since the

Routing Automatic. traction motor is operated at an alternating
voltage of 220 v and the microswitch is un~-
able to switch such voltages.

Position 2: On depressing the switch (2), the current through R5 if inter-
rupted, the relay opens and thus disconnects the traction motor. The ground
potential is then fed to the stage A2. The output signal of this stage at the
point b is supplied to the double coincidence stage A35 and produces there the
first coincidence condition. The second condition is given by the stage A2 of
the microswitch I which is depressed at the sector position 2. The throwing of
the microswitch 2 thus causes an output signal to appear at the stage A35. The
rise edge of the signal triggers the flip-flop 1 (FF1l) which causes the gate Gl
to open. A green light indicates this opening.

The relay R1l, short-circuiting the swivel motor, is so arranged that it
will trip only when the point b is at ground potential. This is the case when-
ever one of the two microswitches 2 or 3 is not depressed.

The output signal of A35 is also fed to the gate G2 and the flip-flop 2 132
(FF2). In contrast to the FF1l, the FF2 does not respond to this rise edge so
that the gate G2 remains closed by FF2. For this reason, the flip-flop FZT,
which responds to the rise edge, cannot be triggered now. This flip-flop is used
for letting the swivel motor, across the relay R2, continue running for one more
second.
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Position 2 to position 3: Because of the pulse t, the pressure exerted on
the microswitch 2 is relieved by means of the electromagnet. This closes the
circuit across the relay R5, and the sector begins to move. At the output b of
A2, ground potential will now be present; since the gate Gl is now open, the
relay R1 can be tripped. This closes the circuit of the swivel motor and
swivels the detector L.

Since the coincidence condition is no longer satisfied for the stage A35,
a pulse appears at the output to which the FF2 will respond. This flip-flop is
triggered and thus opens the gate G2. As with the other gate, opening of this
gate is indicated by a green light. These lights make it possible to decide at
the beginning of a given measurement whether theflip-flops FF1 and FF2 had been
flipped in the right position. If this is not the case, proper adjustment can
be made from the outside.

Position 3: Throwing the switch 3 disconnects the traction motor. The
output potential of =12 v at the point b disconnects the current across the re-
lay R1. The circuit of the swivel motor remains closed across the relay Ri,
since the swiveling takes longer than the travel and since none of the two
switches I and II had been depressed during the swiveling. An interruption of
the current by the relay R4 takes place only when the microswitch II is de-
pressed at the end of the swivel process.

This again satisfies the coincidence condition at the A35, so that an out-
put pulse is produced. The rise edge of this pulse is now able to trigger the /33
flip~flop FZT, so that the circuit of the swivel motor, across the relay R2, is
kept open for the duration of the trigger pulse (1 secs.

In addition, the rise edge also triggers the flip~flop 1, which again
closes the gate Gl.

Position 3 to position 3: If the microswitch 3 is no longer depressed, the
ground potential appearing at the point b can no longer trip the relay R1 since
the gate Gl is closed. In addition, the output signal of A35 - with the coin-
cidence condition no longer being satisfied - triggers also the flip~flop FF2
and thus closes the gate G2.

The traveling sector contacts a pole~reversing switch mounted to the rotary
table, which changes the direction of the current flowing through both swivel
and traction motor by means of a miniature polar relay.

During the return motion, the sector again occupies position 3 and the
corresponding microswitch is depressed. This causes A35 to produce a signal
which triggers the flip~flop FF1l and thus opens the gate Gl. The flip~flop FZT
cannot be triggered since G2 is closed.

Position 3 to position 2: Since the gate Gl is open, the swivel motion
takes place as soon as the microswitch 3 is no longer depressed. Simultaneous-—
ly, the FF2 flops back, opening the gate G2. After the swiveling process is
terminated, the output signal of A35, across the flip~flop FFl, closes the gate
G2 and triggers the flip-flop FZT.
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Pogition 2 to position l: No swiveling takes place when the switch 2 is no
longer depressed, since the flip-flop FF1l keeps the gate Gl closed. The gate G2

is also closed by the output pulse of A35. Throwing of the microswitch 1 has no
influence on this part of the automatic unit.

Position 1 to position 1: When the sector moves on from position 1, it /34
again encounters a pole-changing switch which changes the current direction

through both motors. The returning sector then resumes position 1. On moving
from this position, the entire above-described process begins anew.

IV. INTERPRETATION OF A DIFFERENTTAL MEASUREMENT /35

1. Description of the Computer Programing

Processing of a given measurement, for the apparatus described here, can be
done only on an electronic computer because of the large volume of data. We
used the IBM 7090 computer of the Institute for Instrumental Mathematics of the
University Bonn. For this computer, we developed programs for processing the
data in three steps.

In the first step, the data of the fourteen counters and the content of the
multichannel memory are translated from punch tape to punch cards. For this, we
prepared a program which permits a correct translation of the data even if
punch-tape errors are present.

In a second step, a second program is used for calculating, from the punch-
card data, the course of the coefficients ao(Ty) and A, (Ty) as well as their
errors for all eight angular correlations. Corrections are made for drop in
counting rate, misalignment, backscattering effects, and accidental coincidences.
The mathematical apparatus, forming the basis for these calculations, had been
described in an earlier paper of our research group (Ref.12)., The calculated
coefficients and their errors are printed in tabulated form as well as punched
on punch cards. In addition, the coefficients of the integral coincidences
(see p.17) are calculated and written out.

In a third step, theoretical curves are fitted to the experimentally deter—
mined coefficients, whose slope can be calculated by means of the formulas

given in Chapter II. For this, a third program was prepared which will be de-
scribed in more detail below.

2. Matching Method

First, we will describe the matching method used as basis for our program.

Let L; be the observed data and let the following be valid:

Here, the first temm represents the functional value of the function F(X,) 136
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at the point j, while X; are parameters on which this function depends. These
parameters are the items to be matched. Since the values Ly as found by ob-
servation generally are not free of errors, the following more accurate expres—
sion is needed:

?J(xi) - (I.j-wj) = 0 v.

This equation is strictly valid only if the parameters X; are accurately known.
However, in most cases only their approximation Y, is known, so that also the
parameters must be given small increments AY; to have the equation remain strict-
ly valid:

FJ(Y1+AY1) - (L3+v3) = 0.

It is now assumed that the improvements of the parameters are so small that their
squares can be neglected. A Taylor expansion, which then becomes possible,
yields the equation

T E'quﬁ" ...g - :
F 0 2 ?)yL‘"’fc ¢ =
Using the abbreviations
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we obtain the equation

Z'Z_‘J.AVL é'eg = Vj‘

=4

Here, the subscript j ranges from 1 to a number W that gives the number of ob-

servational data. A matching of the parameters is possible only if their mmber
P is smaller than W. In this case, an overdetermmined system of equations exists
for MYy, which can be uniquely solved by adding a minimum condition. This con-
dition consists in the requirement that the increments vy are to form a minimum.

w
Stated more accurately, the least-square deviations ngv? = [vv] must become

minimal. This yields the system of so-called normal equations:

?,,_-! Vv] _ WP A - h . 2 o i :
day, “ & (BB B okt B2y 6= 0 (=AWl

or: 21, B +D,=0.
4

If the calculated increments AY; are added to the initial values Y;, new values /37
for the parameters are obtained, with which the calculation can be repeated.

This leads to an iteration process which can be terminated as soon as the incre—~
ments drop below a certain value.
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This matching method can be expanded if the errors of the observational data
are to be taken into consideration. In that case, a weighted matching is per-
formed, in which the square of the reciprocal error of an observational value is
used as its weight Py. With the aid of these weights, new nommal equations are
obtained which are derived from the old equations on multiplication by the
weights.

The error of the matched parameters is composed of an error determined by

the statistical accuracy of the test data and of another error due to the scat-
ter of the test data. The error due to the statistics can be calculated accord-

ing to the formula Ay = J/(ry; ) ', where (r,, )™ represent the elements of the
diagonals of the matrix reciprocal to (ry, ).

The error due to the scattering reads

v,
2, Pegt

-P-w

—
.

o = 4,

L .

3. Matching of the Coefficients ao(Ty)
a) Calculation of the Differential Quotients

The theoretical slope of the coefficients ap(Ty) is given by the formula

AT -
gTye " di.

-
4’\.’:‘\ ')“i‘!
s2e ~

The parameters to be matched are the decay constant A and the normming factor Ne
which latter must be so adapted during the calculation that the theoretical curve
and the test data coincide for large delays (see p.10).

These delays are realized in our experiment by the channel mumber of the /38
multichannel analyzer and thus are capable only of discrete values. Therefore,
it is entirely possible that the time zero point does not coincide with a channel
number. For this reason, the following mathematical argument is derived for the
time axis:

T;

T

(pej-10aT  Tj40
(B=1):AT = T4 >0.

1]

Here, Av is the time interval (for example, in nanoseconds) between two chammel
numbers, while the parameter B, in units of AT, indicates the distance of the
time zero from the first channel number at which Ty > 0.

Experimentally, this point can be determined by measuring the prompt curve
at the same instrument setting at which the measurement had been made. On the
other hand, it might happen that, in measuring on a cascade, prompt coincidences
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of other transitions are included so that a prompt curve is established near the
time zero, by means of whose maximum the time zero can be determined.

However, the zero point can be determined more accurately by including B
as a third parameter into the matching calculation. For this, the three dif-

ferential quotients Z;; must be calculated, for which the following equations
are obtained:

O
ST L 4 -alTeT;) da.Ty) o My {T i -;ﬁiﬁ.
Sl 1_{5”’9 T, e oz e Jo JT0Theme T
3a,.T)) A T SMTATy)
LL’LL._ 2 - M N + L3 .
Y 133 iE(Tj] rj\é;i e &ng

b) Approximate Calculation of the Integrals

It is impossible to represent the faltung integrals, occurring in the calcu~
lation of differential quotients, in a closed formm; consequently, an approxima-
tion method must be used for their determination. This method consists in re-
placing the reflected prompt curve €(t — Ty) by a step function, which makes /39
it possible to resolve the faltung integral into a sum of calculable integrals.

For this, the transformation t - vy = T, is introduced, and the new time
axis is subdivided into intervals of a length AT. Within these intervals which

have the form (T, - _%T_’ T, + —%) the reflected prompt curve is considered as

constant and the value ¢ = €(T;) is substituted for the constant. This yields
oo . ;‘é" aT ol
Pt X“z"Tj! E{_' fza-/\{Tl‘P’Z-],)!@ _ QAI:_(ZAA_...Z - Q‘A(TI*TJ)
£ii)e d ST AL Gep= Ty =Ktz"' :
4 T
oo A aMT+T))
MTr Ty 1. 2 srtir¥ iy
]:Tf()ur,;e P =S .1;'(: (*GIE€  ~

-TJ

where N is the number of points of the prompt curve of T,. For determining the
values € , the formulas for the prompt curve can be used (p.7), if a time axis,
reflected at the neutral point, is used in the calculation. Such an axis is
obtained by the argument T, = (-a/ + I« 1) » AT. In this formula, the quantity
o was taken from the prompt curve where this quantity gives the distance between
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T = 0 and an instant Tq > O.

Here, Tq is determined in such a manner that, at

this instant, the prompt curve is already very small relative to its maximum.
The minus sign in front of the parameter @ furnishes the desired time reflection.

When using the given approximation formula for the faltung integral, caution

nn{y}

ey
t

Fig.1l For Selecting K.

must be exerted in determining the
start of summation K. It might happen
that, in the neighborhood of the zero
point, the expression 1y + Ty = t be=-
comes smaller than zero. This means
that the function €(T) at the point T
allows also for contributions due to
negative delays between the gamma
quanta, which would have no physical
meaning. Therefore, K must be so se~
lected that 7y + Ty 2 O. For small
times Ty, this means that, in integrat-
ing over I, a portion of the function
e(T,) is omitted. This portion is
shown hatched in Fig.ll. For K, this /4O
yields

TtTc 20, T2 T+ (K-4)aT

> K2 4-

T+ Ty

ar °S

K =[f]).

The bracket around S means that, for K, the smallest integer which is larger or

equal to S must be taken.
the differential quotients:

TR - NL S sk

This furnishes the following final expressions for
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L. Matching of the Coefficients Ay (Ty)

The theoretical slope of these coefficients is given by the equation
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The parameters to be matched are A,(0) and A\, in this case. The already matched
parameters A and B are used furthermore in the calculation. The required dif-
ferential quotients can be calculated by means of the following formulas:

b 7 | /e
oA AT T) (Tt e )o ™M E T
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In the interpretive programing, described below, we provided also for the case
that the slope of the coefficients A (ty) shows a superposition of two e-func-
tions. In this case, the equation for A,(Ty;) is expanded in the form

2 , ,‘,? = (A4 Ay Y (T34 T )
A IET) e “lid3Th
ﬂ;{ (T} = e dTr

r d\- “AR T, >
&1 Jem)e mTY T
-tl

In this event, the four parameters A, (0) s A2(0), Agq, and A, must be matched,
for which the following four differential quotients are required:
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5. Matching Program

The computer program for performing the mentioned calculations is able to
provide for simultaneous matching of eight angular correlations. The program
consists of one main program and seven subprograms or subroutines.

The main program is subdivided into five independent sectors; in the first,
all necessary data and control signals are written into a part "A"., These are /f42
read out in the part "B", for control, The second sector, using the subroutine
"PROMPT", calculates in the part A the function ¢(T) for each angular correla-
tion to be matched. In the part B, the Ty—axis is calculated for each measure-
ment, for which an estimated approximation value for 8 had been read in. The
differential quotients a;, by, and g; are calculated in part A of the sector 3,
after which the normal equations are derived. For this, the subroutine "WINTEGR"
is used, which performs the approximate calculation of the integrals by means of
the described summation. Matching of the time zero, i.e., calculation of the
gy, can be disconnected as desired, which will be necessary whenever a prompt
stray is present. In this case, a zero-point matching is impossible since this
would require a matching to points not farther away from the zero point than
the maximum width of the prompt curve.

In addition, the mean delay time t is calculated; for this, an approxima-
tion formula similar to that for the differential quotient can be given.

The sector B calculates the differential quotients c¢; and ey or - if
desired - also d, and fy, after which the normal equations are derived. In this
sector, computation is started only after the matching to ao(Ty) is terminated,
i.e., after A and possibly also R are accurately known.

In the sector L4, part A solves the system of normal equations which is de-
termined by ay, by, g5. The solution is performed by matrix inversion, making
use of the subroutine LEQ. If the zero-point matching has been disconnected,
only the system formed by a,; and by will be solved. In this same part, after

Mo M AB
No > X 2 B
pared with the introduced values, for each angular correlation to be matched.
If the relative changes do not drop below these values, the program returns to
part 2B where it starts with a new calculation of the Ty~axes. For all angular
correlations whose relative changes have dropped below the accuracy threshold,
the iteration is terminated.

calculating the increments, the relative variations

are cone—

At the instant at which the iteration has ended for all angular correla~ /L4
tions, the computation is continued in part 3B. Here, the differential quotients
oy and ey as well as, if desired, dy and fy are calculated for matching to the
coefficients A, (Ty).

These are solved in the sector 4, part B, using the LEQ program. In this
portion, interrogation of the relative variations takes place. After terminating
the iteration, computation is continued in the sector 5.

In this sector, the errors due to scattering and statistics are first

30



Subroutine
INTEGR

7

Subroutine
ZERO

1
A B .
Subroutine -Read-in of all Read-out of all
DATA P data data
r J
2
: A ) ‘ )
Subroutine Calcul ation of the Calculation of the
PROMPT G functions €(T) T- axes
e v ok
3 Calculation of differential quotients
B S
Subroutine Calculation of Calculation of
INTEGR & g ¥ ¢jej or djf; azb;, or gj
Calcul ation of t
Derivation of normal §Derivation of normal
equation equation
iy i ¢y
(=i :’l 1 ﬁ
i :: '
I: b >
Y & Solution of the equation systems
A : B
{ Solution of normal Solution of normal
Subroutine | !l equations, calcu- equations, calcu-
LEQ Q“}T‘b lation of new lation of new

1]

parameters

e

parameters

Subroutine
LEQ

Comparison with

Comparison with

prescribed ~ prescribed

accuracy ! accuracy
“not reached” “reached” |

*reached” “not reached”|
S

Calculation of errors

3

Subroutine
ERROR

Conversion -into nanoseconds

5

Printing in tables

Subroutine
CALIB

Iteration loop at Qg('r') .
Iteration loop at A“('tj) (klZ,‘)
Fig.12

31



computed, using the subroutine ERROR. By means of the subroutine CALIB, the
decay constant and attenuation factors can then be converted into time units
(for example, nanoseconds) with the aid of known calibrations of chamnel units.
In the remaining portion of the sector 5, the results are then printed out in
the form of tables with headings.

In the entire matching computation, the point from which matching is to
start as well as the point at which matching is to stop can be given for each
angular correlation.

V. MEASUREMENTS ON YTTERBIUM-172 L5

1. The 1095-Kev Transition in Yb'7?

In earlier work done by our research group, we used the angular correlation
technique for making investigations on Yb'7? (Ref.17, 19). In this, we made an
attempt to determine the mixing ratio of the 1095-Kev transition. Since the
spins of the participating level are known, this transition should contain an
M1 and an E2 component.

Measurements of the angular correlation on the 1095-79 Kev and the
91-1095 Kev cascades yielded 8§ = 10.3 + 2.3 and § = 0.275 + 0.025 as solutions
for the sought mixing parameter.

Since the 203-Kev transition exists as a crossover within a rotation band
of pure FE2 radiation, the theoretical angular correlation coefficients of the
203~1095 Kev cascade can be calculated by means of the indicated mixing para-
meters. These are as follows:

Ay = =0,0135£0,0000 Ay = =0,0010%0.0004
&5 = +10.322.3 & = +0,27520.025.

An experimental determination of these coefficients is carried out over an
analysis of coincidence spectra, recorded with a two-detector instrument
(Ref.17). The result could not be reconciled with any of the theoretical values,
since the measured A, was located exactly between the above~given values and
since an A4 differing from zero could not be measured outside the error limits.

In measuring the 203-1095 Kev angular correlation, it must always be taken
into consideration that a strong Compton component of higher energetic quanta
is located below the 203-Kev line, which falsifies the result. In this case, a
differential measurement has the advantage over the integral method that, in its
interpretation, the perturbing Compton background of the prompt transitions can
be eliminated. For this reason, it seemed logical to make a repeat determina-
tion of the coefficients of the 203-1095 Kev cascade, by means of the described
instrumentation. For this, three measurements were made, which will be de-
scribed below.
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2. Differential Measurement of the 203-1095 Kev Cascade /L7

The specimen required for this measurement was prepared in the cyclotron
of our Institute, by a (d, 2n) reaction:

vb172 (4,2n) Wa'72,

The source used consisted of LuClsz, dissolved in Q.1N HCl. Figure 14 gives the
energy spectrum, recorded with a 1.5” x 2” NaI(Tl) crystal. For detecting the
203~-Kev quanta, the detectors 1 and 2 with the small crystals were used, whose
single~channel window was adjusted to the right-hand edge of the 181, 203 Kev
double peak. Since the intensity
ratio of the two lines was not

p‘.’hx..‘i“k accurately known, a more accurate
adjustment to the 203-Kev line was
impossible,

X

The recording of the high-

somedCounting rate
«

e - energy quanta was done by means
v\:ﬁ*ii.- of the detectors 3 and /4 which
! T o e T were especially suitable for this
nl A because of their large 3”7 x 3“
NaI(Tl) crystals. Since only one
, - puLSE angular correlation was to be

measured, the use of a single~
channel discriminator was suffi-
cient for these detectors, so that
only four coincidence circuits
were needed. Therefore, 12 sub~-
groups are sufficient for this
Fig.1l, Energy Spectrum of Ytterbium~172. measurement even in the multi-
channel analyzer, for which reason
these subgroups could be increased

He16 KT

from 128 to 256 channels.

The total measuring period was 15 days within which the angles were changed
every 1000 sec by varying the sector position. In addition, the single-channel
settings were checked every 3 days, making an intermediate evaluation by /L8
means of the described programs. In matching, all points for which the delay was
less than 4 nsec were disregarded, so that the interfering prompt coincidences
had no influence on the value of Az(0) and A.(0).

Prompt coincidences are produced by the fact that, at the indicated energy
setting, other cascades are also covered. These comprise the 1404, 1410, and
1545-Kev transition to the 260-Kev level, which all are in prompt coincidence
with the sharp 181-Kev line and can be detected, over the Compton effect, in the
1095~Kev window of the detectors 3 and 4, whereas the 181-Kev line shows strong
components in the 203-Kev window of the detectors 1 and 2. In addition, the
1023-1004 Kev cascade furnishes prompt coincidences since the 1023-Kev line is
also located in the 1095-Kev window and the 1004=~Kev transition can be detected
over the Compton effect in the detectors 1 and 2. This detection is made easier
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because of the fact that the backscatter peak of this line is located near
200-Kev. Other prompt components are furnished by the following cascades:

270 ~ 1545 Kev, 324 - 1490 Kev, 372 - 1404 Kev, L10 ~ 1404 Kev.

In all, the component of prompt coincidences is 35% + 5%. A determination of
the anisotropy of this component, with respect to the prior integral measure-
ment, was unnecessary since correction had been made for all perturbing strays
either of the retarded or prompt type.

The result of the measurement comprises the following four values A-(0)
which have not yet been corrected for the finite aperture angles of the de~.
tectors:

~0,063%0,012  ~0,05020,012  =0,05820,009  =0.050%0.0%1.

Figure 15 gives these values and their errors; they coincide within the error
limits. For a later interpretation, the two Az(0) values, measured by the de-
tector 1 respectively the detector 2, were weighted and averaged. These mean
values are as follows:

Detector 13§ naiu) - -0.055t°.008
- Detector 23 A,‘(O = -0.055:0.007.

For A,(0), the values were L9
Detector 13 ie.""(‘4 Uj = =0.007t0.008 -
Detector aj ‘E4i0; n 4'0 .003:00008 .

3. Differential Measurement of the Compton Background
with the 1095-Kev Transition

The values for the sought coefficients, measured in this manner, must be
corrected for the Compton strays of all transitions that end on the 117,~Kev
level and thus are in delayed coincidence with the 1095-Kev line. This necessi~
tated a differential measurement of the angular correlation of the Compton back-
ground, located below the 203-Kev peak.

For this, the single-channel windows of the detectors 1 and 2 were ad-
justed to the Compton background at 300 Kev. This point was selected because of
the fact that the broadest single~channel setting is possible there, which is of
importance because of the low counting rate of the background. The error pro-
duced by the fact that the contribution of the 270-Kev transition was not
measured, can be neglected since the Compton trough of this line is located
exactly below the 203-Kev peak.

The background measurement took 14 days, in which the sector position was
changed every 1000 sec. The four individual values for A-(0) and the weighted
mean value are shown in Fig.l5. The values for the background coefficients, not
corrected for the aperture angle, read as follows:
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Z5(0T = =f,054%0,007

The magnitude of the error is due mainly to the statistics which, because of
the reduced activity of the sample, was not very high.

203-1095 Kev
cascade

Detector 1  Detector 2
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However, it can be esti~
mated that a reduction of the error by
half will lead to an improvement of not
more than 1% in the inaccuracy for the
sought A,. This is due to the fact that,
in the error calculation to be made, the
main factor entering as denominator is
the difference between the Compton com~
ponent and the component of the 203~Kev
line. The magnitude of these components
will have to be determined in a third

measuremnent.

L. Recording a Delayed Coincidence
Spectrum

This third measurement consisted in
recording, by means of the 1095-Kev
line, a coincidence spectrum delayed by
8 nsec, for the detectors 1 and 2. Such

a measurement makes it possible that only those transitions appear in the spec-
trum that end at the 117,-Kev level and thus interfere with the measurement on
This line itself occurs without strays from the 181-Kev peak,

the 203-Kev line.
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which facilitates an accurate deter—
mination of the various components.

As a typical example, Fig.l6
shows a delayed coincidence spectrum
of the detector 1. Here, the single-
channel adjustment to the 203~Kev line
is shown as a hatched area. To deter-
mine the accurate course of the
Compton background below the 203-Kev
peak in this spectrum, it was neces~ /51
to make a spectral analysis. This was
done with a computer program developed
by W.Rothenburger (Ref.20). The neces-
sary reference spectra were furnished
by the nuclei: Co®° (1170 Kev),
Mn°* (840 Kev), Cs'®7(662 Kev),
Na®2(511 Kev), and Hg®°3(279 Kev).

As indicated by the intensity
ratio of the 372-Kev and the 410-Kev
line, the analysis in the energy region
between 200 and 500 Kev is not too good



since, in this region, no suitable reference lines were available.

For the ratio of 203-Kev to Compton component, the interpretation yielded
the following values:

Detector 18 923/2227 = 0.414 ’ Detector &3 1229/225~ = 0,5-’;5.

A\

The larger ratio for the detector 2 can be explained by the fact that the set-
ting of the single-channel window to the 203-Kev line was more favorable here,
so that a larger segment was covered by the area below the peak.

The accuracy of the two above ratios, because of the low number of reference
lines available, is not more than 20%.

The results of the three measurements are compiled in the following calcu-—
lation:

Let P1 be the component of the 203-Kev line and let P2 be that of the
Compton background. Then, the following argument can be established for the
sought A.:
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and for the corresponding error:
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It is obvious that the error is not greatly influenced by the inaccuracy of the
analysis, since the measurement showed that A, (meas.) = A, (backgr.).

Conversely, the influence of the component P1 of the 203~Kev line is /52
very large since it is located in the denominator of the error. Since this
component is small because of the high Compton background, a large error must be
expected. Computation with the measured values and the indicated formulas
yields the following values for the sought coefficients:

A2 s «~0,065:0,021 A4 = +0,003:0,025.

These values are already corrected for the finite aperture angles of the de~
tectors,

Despite the large error, this value cannot be made to agree with the theo-
retical coefficients for A and A, (p.32). An attempt to explain this dis-
crepancy will be made in another report of our research group (Ref.21).
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5. Lifetime and Attenuation of the 117.~Kev Level

From the first two measurements, the lifetime and the attenuation parameter
Az can be determined. For defining the lifetime, matching of the eight measured
curves for ao(Ty) was done by means of the above~described program. The eight
values for the lifetime, calculated from this, were weighted and averaged,
yielding the following final value:

T1/2 = { 8.34%0.20 ) nnec. |

This value, within the error limits, agrees with a measurement by Herskind and
Fossan (Ref.22) who obtained a value of

T1 ]2 = ( 8~7:0n4 ) HBQO
for the lifetime.

The matching to the coefficients Az(T;), required for calculating the A4_(0)
values, furnishes eight values for the attemuation parameter A,, which are
shown in Fig.l5. The weighted mean yields the following value for Ajs:

Ay = ( 0.02520,010 ) nseo™',

This large error can be explained by the deficient statistics of the individual
measurements. L3

6. Critical Evaluation of the Measurement

To double the measuring time, a simultaneous performance of measurements 1
and 2 could have been done with the described instrument.

For this, the two unused single-channel discriminators of the detectors 3
and 4 could have been connected behind the detectors 1 and 2, whose windows would
then have had to be adjusted to the Compton background. In this manner, all
eight coincidence circuits would have been used and the subgroups of the multi-
channel analyzer would have to be reduced to 128 channels; however, this would
have changed nothing since, in the interpretation of the described measurements,
the contents of several channels were combined for improving the statistics.

This type of measurement could not be performed since the programs for the
computer had not been fully worked out at that time so that, with such an ar-

rangement of the single~channel discriminators, no data processing could have
been done.

VI. SUMMARY /5L

In this paper, formulas for the interpretation of differentially measured
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angular correlations were introduced and discussed. The time resolution proper-
ties of an instrument, suitable for differential and integral measurements, were
used as basis.

This apparatus had been built in collaboration with K.Krien and was de-
seribed in Chapter II. In contrast to earlier arrangements (Ref.2, 12, 14, 16,
17), this unit had four detectors, which reduces the statistical error of the
test data by a factor of 2. The operation of these detectors is controlled by
a fully transistorized automatic control unit, which is described in detail.

The data processing of the four-detector unit is done in three steps, using
an IBM 7090 computer for which programs were prepared. The computations re-
quired for matching with the test data are discussed, and the resultant program
is described at length.

Finally, a differential measurement on ytterbium-172 is discussed, for
which the described equipment, the derived formulas, and the computer programs
were used. With this measurement, the angular correlation coefficients A; and
A4 of the 203 - 1095 Kev cascade were to be determined, for which a differential
measurement is especially suitable since it permits an elimination of perturb-
ing prompt cascades.

Farlier measurements on this cascade (Ref.l?, 19) have shown that the test

data strongly contradict the theoretical predictions, so that this measurement
was of great interest. The two values

Ay = -0.06%20.021 and A, = +0.00320.025 .

were determined, whose excessive error was produced by the strong Compton back-
ground. This value also was impossible to reconcile with the theoretical pre-
dictions, so that a discrepancy remains which will be the subject matter of
another report of our research group (Ref.21).

In addition, the lifetime of the 117,-Kev level was measured, whose mag- /55
nitude of

T1/2 = { 8,34:0,20 ) nsoac
agrees with the value determined by Herskind and Fossan of
T‘/2 a { 8§,7:0.4 ) naeo
withip the error limits.
Measurement of the attenuation factor Az yielded a value of
Ay = (0.02520.010) noac™' ,

whose large error is due to the statistical indeterminacy of the measurement.
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